L-arginine, an amino acid with a growing range of applications within the pharmaceutical, cosmetic, food, and agricultural industries, can be produced by microbial fermentation. Although it is the most nitrogen-rich amino acid, reports on the nitrogen supply for its fermentation are scarce. In this study, the nitrogen supply for the production of L-arginine by a genetically modified Escherichia coli strain was optimised in bioreactors. Different nitrogen sources were screened and ammonia solution, ammonium sulphate, ammonium phosphate dibasic, and ammonium chloride were the most favourable nitrogen sources for L-arginine synthesis. The key role of the C/N ratio for L-arginine production was demonstrated for the first time. The optimal C/N molar ratio to maximise L-arginine production while minimising nitrogen waste was found to be 6, yielding approximately 2.25 g/L of L-arginine from 15 g/L glucose with a productivity of around 0.11 g/L/h. Glucose and ammonium ion were simultaneously utilized, showing that this ratio provided a well-balanced equilibrium between carbon and nitrogen metabolisms.
Introduction
L-arginine is a semi-essential amino acid commonly used in pharmaceutical, nutraceutical, and cosmetic industries [1] . It can also be used as animal feed or fertilizer [2] . Corynebacterium glutamicum and C. crenatum have been commonly used for the microbial production of L-arginine [3] [4] [5] [6] . Environmental concerns prompt a sustainable use of raw materials that are widely available, easily renewable, and that do not compete with food production. One such feedstock is lignocellulosic biomass which mainly consists of cellulose, hemicellulose, and lignin [7] . In contrast to the cellulose fraction, the hemicellulose fraction can include several additional monosaccharides besides glucose, i.e., xylose, mannose, galactose, rhamnose, and arabinose, where the composition and structure vary depending on the species and origin of the lignocellulose source. Cost-efficient use of this feedstock requires a microorganism able to use both five and six carbon sugars. However, neither C. glutamicum nor C. crenatum strains naturally metabolize five-carbon sugars. On the other hand, Escherichia coli is able to use pentoses as well as hexoses for the fermentative production of several different molecules with an industrial value [8] [9] [10] . Combined with its fast growth, its robustness and the availability of molecular tools for its genetic engineering, E. coli is also a candidate for L-arginine production. An E. coli strain able to produce nearly 12 g/L of L-arginine with a yield of 0.17 g arginine /g glucose was recently engineered [11] .
L-arginine biosynthesis is a nitrogen-requiring process since this amino acid consists of 32% nitrogen. Moreover, nitrogen, required for protein synthesis, is a vital nutrient for cell growth. Nitrogen represents 14% of the cell dry mass in growing E. coli [12] . Sufficient nitrogen to support growth and high L-arginine production must therefore be provided during fermentation.
However, after a certain threshold, the addition of ammonium sulphate, a common nitrogen source, was detrimental for the production of lysine and succinate by C. glutamicum [13, 14] and that of L-threonine and L-phenylalanine by E. coli [15, 16] . In addition, an excessive supply of nitrogen might result in large nitrogen wastes, which pose serious environmental threats such as global warming, thinning of the stratospheric ozone layer, and biodiversity loss [17] [18] [19] [20] [21] . Despite the fact that the supply of nitrogen is clearly a key parameter in the fermentation process and must be finely adjusted, studies on nitrogen for L-arginine production are lacking.
It is well known that the carbon-to-nitrogen (C/N) ratio is a crucial parameter in some microbial processes, such as biogas production [22] [23] [24] and lipid production by oleaginous yeasts [25, 26] . It has also been demonstrated that the C/N ratio has a great influence on growth and metabolite production for a variety of microorganisms [27, 28] .
Based on fermentation data, transcriptional RNA level, and enzyme activity, it has also been shown that the E. coli metabolism is affected by the C/N ratio [29] . The importance of optimizing the C/N ratio in E. coli fermentations has further been demonstrated for heterologous gene expression [30] and for the production of the amino acid L-threonine, where the C/N molar ratio resulting in the best production was 69 [15] .
The carbon to nitrogen ratio is of such importance because the metabolisms of carbon and nitrogen are tightly linked where their assimilation is coordinated and controlled by the availability of both nutrients [29, [31] [32] [33] . Indeed, E. coli possesses two pathways for nitrogen assimilation (Figure  1b ,c) and both pathways require 2-oxoglutarate, one of the key intermediates of the TCA cycle, to convert ammonia into glutamate [34] . The C/N ratio might be of even greater significance for the biosynthesis of L-arginine which involves both acetyl-CoA (the starting point of the TCA cycle) and glutamate ( Figure 1a ). As a substantial amount of nitrogen is required for the fermentative production of L-arginine, high-cost organic nitrogen sources, such as yeast extract or tryptone, would not be suitable for large-scale production. Only enterohemorrhagic E. coli strains have been shown to grow on urea, a low-cost organic nitrogen source, whereas other strains have not displayed any urease activity [35, 36] .
In this work, various inorganic nitrogen sources were screened and the most suitable ones were used to investigate, for the first time, the effect of the C/N ratio on the production of L-arginine. Batch fermentations in minimal medium were performed in bioreactors using a genetically modified E. coli strain.
Materials and Methods

Microorganism
The strain E. coli SJB009 previously engineered to have an enhanced L-arginine production ability was used [11] . This strain is derived from E. coli K-12 C600. Genes responsible for L-arginine catabolism (adiA, speC and speF) and for the repression of the L-arginine biosynthesis genes (argR) were knocked-out. In E. coli, the first enzyme of the dedicated pathway for L-arginine biosynthesis (encoded by argA) is sensitive to feedback inhibition by L-arginine. In the strain SJB009, a variant (argA214) coding for a feedback resistant enzyme was introduced and overexpressed, and the wild type argA was deleted. Finally, the L-arginine export gene (argO) was overexpressed. Stock cultures of the strain were stored at −80 • C in 15% glycerol.
Seed Cultures for Fermentations
Shake flasks containing 100 mL Luria Bertani (LB) medium were sterilized at 121 • C for 20 min and then inoculated with 500 µL stock cultures and incubated at 32 • C and 200 rpm for 12 h. The cells were harvested by centrifugation at 4 • C and 5000 rpm for 10 min. The cells were then washed twice by resuspension in phosphate-buffered saline solution (pH 7) and centrifugation under the same conditions. Subsequently, the cells were resuspended in 25 mL sterilised fermentation medium described below and aseptically inoculated into the bioreactors.
Fermentations
Duplicate batch fermentations were performed in 1 L bioreactors (Biobundle 1 L, Applikon Biotechnology) with a working volume of 700 mL. In order to avoid interactions with nitrogen contained in complex media, the cultivations were carried out in a defined medium consisting of (per liter): 3 g KH 2 PO 4 , 12.8 g Na 2 HPO 4 ·7H 2 O, 0.5 g NaCl, 1 g MgSO 4 ·7H 2 O, 20 mg FeSO 4 ·7H 2 O*, 12 mg MnSO 4 ·7H 2 O*, 1 mg CaCl 2 *, 0.25 g antifoam, and 20 mg tetracycline·HCl* (*: added after sterilisation at 121 • C for 20 min). The reactors contained either 30 or 15 g/L of glucose and an appropriate amount of the nitrogen source to obtain the desired C/N molar ratio. They represent the ratios of the molar concentration of carbon (from glucose) to that of nitrogen.
Prior to the fermentation, the pH was adjusted to 7 using 2 M HCl or 5 M NaOH when necessary. The temperature was set to 32 • C and the stirring speed to 500 rpm [11] . Throughout the fermentation, the pH was maintained at 7 with automatic addition of 5 M NaOH and the dissolved oxygen level at 50% with automatic addition of 5 vvm of air. Samples were regularly taken for cell growth, glucose, ammonium ion, L-arginine, and acetic acid measurements.
In the first step, fermentations were performed with an initial glucose concentration of 15 g/L to screen for potential nitrogen sources for L-arginine production by E. coli. Seven inorganic nitrogen sources were compared using a C/N ratio of 6: ammonia solution (NH 4 OH), ammonium carbonate ((NH 4 ) 2 CO 3 ), ammonium chloride (NH 4 Cl), ammonium nitrate (NH 4 NO 3 ), ammonium phosphate dibasic ((NH 4 ) 2 HPO 4 ), ammonium sulphate ((NH 4 ) 2 SO 4 ), and sodium nitrate (NaNO 3 ). The carbon atom from the carbonate group of ammonium carbonate was not taken into consideration to calculate the C/N ratio. In addition, one organic nitrogen source, monosodium glutamate, was assessed at three different concentrations (2.5, 5, and 10 g/L).
In the second step, the most efficient nitrogen sources were used to compare three C/N molar ratios (3, 6, and 12) at two initial glucose concentrations (15 and 30 g/L).
Cell Growth Analyses
The dry cell weight (DCW) was determined by washing cells contained in 5 mL fermentation broth and measuring their weight after drying in a furnace at 80 • C for 24 h.
Substrates, Products and By-Products Analyses
The samples were centrifuged for 10 min at 4 • C and 10,600× g and the supernatant was filtered through 0.2 µm filters.
Glucose, L-arginine, and glutamate were analysed with the Dionex AAA-Direct™ system (Thermo Scientific, Waltham, MA, USA): a high-pressure ion chromatography system (Dionex-ICS 5000 + HPIC, Thermo Scientific) equipped with an electrochemical detector (ICS-5000 + ED, Thermo Scientific), an anion exchange column (AminoPac PA10 Analytical Column, Thermo Scientific), and a guard column (AminoPac PA10 Guard Column, Thermo Scientific). Analyses were performed at ambient conditions, with deionized water and 250 mM NaOH as eluents (for glutamate 1 M sodium acetate was also used) and a flow rate of 0.75 mL/min. Acetic acid, the main by-product formed during fermentation [11] , was quantified by HPLC using refractive index detection. The cation exchange column (Aminex HPX87-H, BioRad, Hercules, CA, USA) and guard column (Micro-Guard IG Cation H Cartridge, BioRad) were maintained at 65 • C. The mobile phase was 5 mM H 2 SO 4 at a flow rate of 0.6 mL/min. Ammonium ion concentration (NH 4 + ) was determined using a colorimetric test based on the Nessler method (MQuant™, Merck, Darmstadt, Germany). The samples were diluted to contain no more than 400 mg/L ammonium and subsequently analysed.
Results and Discussion
Comparison of Nitrogen Sources
The effect of different inorganic nitrogen sources on E. coli growth and L-arginine production was investigated with an initial glucose concentration of 15 g/L and a C/N ratio of 6. Monosodium glutamate was also tested as nitrogen source at various concentrations. The results obtained with all sources studied are summarized in Table 1 . Table 1 . Summary of fermentation results for the different nitrogen sources. Duplicate bioreactor cultivations in minimal medium, 15 g/L initial glucose, 32 • C, 500 rpm, air at 5 vvm, pH 7. Ammonium salts and ammonia solution were provided so as to have a C/N ratio of 6. Results are given as means ± standard deviations. Under those conditions, ammonia solution, ammonium chloride, ammonium phosphate dibasic, and ammonium sulphate all yielded a bit over 2.2 g/L of L-arginine with a productivity of about 0.1 g/L/h. These nitrogen sources also resulted in similar cell growth, in terms of both maximum dry cell weight and specific growth rate.
Nitrogen
The use of ammonium carbonate also resulted in similar L-arginine production (2.11 g/L), but the cells grew and produced L-arginine more slowly (0.06 h −1 and 0.08 g/L/h, respectively).
Neither growth nor L-arginine production occurred during fermentation with sodium nitrate, demonstrating the need for an ammonium-containing nitrogen source. This was expected since it has been determined that E. coli cannot normally utilize nitrate aerobically [37] ; although cell growth and xylanase production have been reported for a different E. coli strain [30] .
Accordingly, only the nitrogen from the ammonium group was taken into account when adjusting the C/N ratio with ammonium nitrate. With this nitrogen source, the final cell density (2.31 g/L) was comparable to what was achieved with other ammonium salts; however, the growth rate was a bit lower (0.06 h −1 ), less L-arginine was produced (1.44 g/L), and the productivity was much lower (0.05 g/L/h).
As glutamate is the main precursor to L-arginine biosynthesis (Figure 1a ), it was reasoned that a supply of nitrogen directly in this form might boost L-arginine production. The sodium glutamate was used at three different concentrations: 10 g/L, 5 g/L, and 2.5 g/L; with a glucose concentration of 15 g/L. After five days, no growth was observed in the fermentations with 10 g/L and 5 g/L monosodium glutamate. At a monosodium glutamate concentration of 2.5 g/L, only very weak growth occurred. In the three cases, no L-arginine production was detected, showing that glutamate is not suitable as the sole nitrogen source. Poor growth of a variety of E. coli strains on glucose when glutamate (at about 1.5 g/L) was the sole nitrogen source has been reported in a recent study [38] . It has been observed that under those conditions, TCA cycle intermediates accumulate, leading to the inhibition of the signalling molecule cAMP levels, thereby impairing cell growth. This accumulation was suggested to be caused by an imbalance between carbon and nitrogen due to a slow glutamate uptake combined with a rapid glucose consumption.
Comparison of C/N Ratios
The C/N ratio is an important parameter in many microbial processes. In order to determine its influence on L-arginine production by E. coli, three different ratios were tested: 3, 6, and 12. Each ratio was studied with an initial glucose concentration of 30 g/L and 15 g/L, respectively, to check whether the results obtained were solely due to the C/N ratio or to the changes in nitrogen concentration.
The four inorganic nitrogen sources that were found to be the most effective for this fermentation were used: ammonium sulphate, ammonium phosphate dibasic, ammonium chloride, and ammonia solution. Using different nitrogen sources for each ratio enabled a thorough comparison of those sources and ensured that the observed effects were dependent on the amount of ammonium rather than on one particular counterion.
The DCW and L-arginine concentration for every source, each taken when the highest L-arginine concentration was reached, are presented in Figure 2 . In addition, the productivity, the glucose consumption rate, and the L-arginine yields from glucose and ammonium are provided in supporting information. Ammonia solution, ammonium chloride, ammonium dibasic phosphate, and ammonium sulphate were nearly equally suitable for L-arginine production by E. coli in minimal medium. Indeed, at each ratio, the different fermentation results were relatively similar for each nitrogen source (Figure 2) , with the exception of ammonium chloride showing somewhat lower productivities. For any given C/N ratio, the fermentation profiles were almost identical regardless of the nitrogen source. The curves of cell growth, glucose, L-arginine, and acetate concentration during fermentations with ammonium sulphate are shown as examples in Figure 3 . Ammonia solution, ammonium chloride, ammonium dibasic phosphate, and ammonium sulphate were nearly equally suitable for L-arginine production by E. coli in minimal medium. Indeed, at each ratio, the different fermentation results were relatively similar for each nitrogen source (Figure 2) , with the exception of ammonium chloride showing somewhat lower productivities. For any given C/N ratio, the fermentation profiles were almost identical regardless of the nitrogen source. The curves of cell growth, glucose, L-arginine, and acetate concentration during fermentations with ammonium sulphate are shown as examples in Figure 3 . Ammonia solution, ammonium chloride, ammonium dibasic phosphate, and ammonium sulphate were nearly equally suitable for L-arginine production by E. coli in minimal medium. Indeed, at each ratio, the different fermentation results were relatively similar for each nitrogen source (Figure 2) , with the exception of ammonium chloride showing somewhat lower productivities. For any given C/N ratio, the fermentation profiles were almost identical regardless of the nitrogen source. The curves of cell growth, glucose, L-arginine, and acetate concentration during fermentations with ammonium sulphate are shown as examples in Figure 3 . At a C/N ratio of 12 (Figure 3a,b) , ammonium was depleted in less than 20 h and 14 h when the initial glucose concentration was 30 g/L and 15 g/L, respectively. Both cell growth and L-arginine production stopped with the depletion of ammonia, although about half of the glucose was still unused. With both 30 g/L and 15 g/L initial glucose, the DCW (around 2.4 g/L and 1.3 g/L, respectively) and the L-arginine concentrations (around 2 g/L and 1 g/L, respectively) were the lowest obtained ( Figure 2) . These results therefore indicate that a C/N ratio of 12 provides insufficient nitrogen for efficient fermentation. In the fermentation with 30 g/L glucose, the cells used the remaining glucose after cell growth and L-arginine production stopped, likely due to utilization of L-arginine as a poor nitrogen source (L-arginine concentration is decreasing) [38] , and only acetate was produced. In the fermentation with 15 g/L glucose, neither glucose uptake nor acetate production occurred after ammonia depletion. It can be speculated that a longer time might have been needed for the cells to adapt to the new conditions (no ammonia available), possibly because the cell density was very low (1.3 g/L). At a C/N ratio of 6, ammonium and glucose were nearly simultaneously depleted after 40 h (30 g/L initial glucose, Figure 3b ) and 20 h (15 g/L initial glucose, Figure 3d ). The DCW increased by either 50% (30 g/L initial glucose) or 100% (15 g/L initial glucose) compared to a C/N ratio of 12 (Figures 2 and 3a) . In both cases, L-arginine production almost doubled and reached 3.9 ± 0.1 g/L and 2.3 ± 0.1 g/L, from 30 and 15 g/L glucose, respectively (Figure 2b ). Hence, a C/N ratio of 6 seemed to be suitable for L-arginine production.
At a C/N ratio of 3, with an initial glucose concentration of 15 g/L, the glucose was rapidly depleted (16-24 h) , while a third of the ammonium was still available (Figure 3f ). After glucose exhaustion, the cells slowly used acetate and gradually consumed all the ammonium, albeit at a decreasing rate, but neither growth nor L-arginine production occurred. Even though the ammonium provided was doubled compared to a C/N ratio of 6, the L-arginine production (2.8 ± 0.1 g/L) was only increased by about 25%; the L-arginine yields from ammonium were thus significantly lower ( Figure S1b ). However, the productivities were increased by 30 to 60% depending on the nitrogen source ( Figure S2b ).
With the same ratio but 30 g/L initial glucose, cells stopped growing and producing L-arginine after approximately 25 h, although about two thirds of the glucose and of the ammonium were left in the broth (Figure 3e ). Glucose and ammonium consumption rates dropped while acetate was still rapidly produced. Cells resumed a normal behaviour after a 50 h lag; at that time, the ammonium concentration was down to 3 g/L and the glucose concentration to about 12 g/L. The glucose was the limiting nutrient and was depleted in 25 h, whereas 25% of the ammonium was still unused. Cell growth and L-arginine production were halted. In the end, the cells had grown to similar or higher densities than at a C/N ratio of 6 (Figure 2a ), but needed three times longer to reach it (e.g., Figure At a C/N ratio of 12 (Figure 3a,b) , ammonium was depleted in less than 20 h and 14 h when the initial glucose concentration was 30 g/L and 15 g/L, respectively. Both cell growth and L-arginine production stopped with the depletion of ammonia, although about half of the glucose was still unused. With both 30 g/L and 15 g/L initial glucose, the DCW (around 2.4 g/L and 1.3 g/L, respectively) and the L-arginine concentrations (around 2 g/L and 1 g/L, respectively) were the lowest obtained ( Figure 2) . These results therefore indicate that a C/N ratio of 12 provides insufficient nitrogen for efficient fermentation. In the fermentation with 30 g/L glucose, the cells used the remaining glucose after cell growth and L-arginine production stopped, likely due to utilization of L-arginine as a poor nitrogen source (L-arginine concentration is decreasing) [38] , and only acetate was produced. In the fermentation with 15 g/L glucose, neither glucose uptake nor acetate production occurred after ammonia depletion. It can be speculated that a longer time might have been needed for the cells to adapt to the new conditions (no ammonia available), possibly because the cell density was very low (1.3 g/L). At a C/N ratio of 6, ammonium and glucose were nearly simultaneously depleted after 40 h (30 g/L initial glucose, Figure 3b ) and 20 h (15 g/L initial glucose, Figure 3d ). The DCW increased by either 50% (30 g/L initial glucose) or 100% (15 g/L initial glucose) compared to a C/N ratio of 12 (Figures 2 and 3a) . In both cases, L-arginine production almost doubled and reached 3.9 ± 0.1 g/L and 2.3 ± 0.1 g/L, from 30 and 15 g/L glucose, respectively (Figure 2b ). Hence, a C/N ratio of 6 seemed to be suitable for L-arginine production.
At a C/N ratio of 3, with an initial glucose concentration of 15 g/L, the glucose was rapidly depleted (16-24 h), while a third of the ammonium was still available (Figure 3f ). After glucose exhaustion, the cells slowly used acetate and gradually consumed all the ammonium, albeit at a decreasing rate, but neither growth nor L-arginine production occurred. Even though the ammonium provided was doubled compared to a C/N ratio of 6, the L-arginine production (2.8 ± 0.1 g/L) was only increased by about 25%; the L-arginine yields from ammonium were thus significantly lower ( Figure S1b ). However, the productivities were increased by 30 to 60% depending on the nitrogen source ( Figure S2b ).
With the same ratio but 30 g/L initial glucose, cells stopped growing and producing L-arginine after approximately 25 h, although about two thirds of the glucose and of the ammonium were left in the broth (Figure 3e ). Glucose and ammonium consumption rates dropped while acetate was still rapidly produced. Cells resumed a normal behaviour after a 50 h lag; at that time, the ammonium concentration was down to 3 g/L and the glucose concentration to about 12 g/L. The glucose was the limiting nutrient and was depleted in 25 h, whereas 25% of the ammonium was still unused. Cell growth and L-arginine production were halted. In the end, the cells had grown to similar or higher densities than at a C/N ratio of 6 (Figure 2a ), but needed three times longer to reach it (e.g., Figure 3c ,e). On the other hand, the L-arginine production (2.8 ± 0.4 g/L) was at least 25% lower than at a C/N ratio of 6. Compared to a C/N of 6 or 12, the volumetric productivities and the glucose consumption rates dropped by 80% ( Figure S2 ). The lowest L-arginine yields from glucose (0.11 ± 0.01 mol/mol) and ammonium (0.07 ± 0.01 mol/mol) were obtained ( Figure S1 ).
Consequently, a C/N ratio of 3 resulted in a waste of ammonium, not only because much was yet unused when the highest L-arginine concentration was reached, but also because the rest was not efficiently utilised for L-arginine production.
It is not clear why the cells started to grow and produce L-arginine normally and then experienced a long lag phase before resuming normal activity. However, the fact that fermentation was hampered with 30 g/L initial glucose but not with 15 g/L suggests that it is the high concentration of ammonium, or the combination of the high concentrations of ammonium and glucose, rather than the C/N ratio itself, that had such a detrimental effect. A negative impact of excessive ammonium on fermentation has been observed in other studies [15, 16, 39] . For instance, increasing the initial ammonium sulphate concentration from 10 g/L to 20 g/L resulted in a nearly six-fold decline in L-phenylalanine production and productivity [16] . A further increase of the ammonium sulphate concentration (30 g/L) caused a 17-fold drop of these parameters compared to 10 g/L of ammonium sulphate. Here, similar results were obtained since the production and productivity of L-arginine decreased five-fold when increasing the ammonium sulphate from 13.2 g/L to 26.4 g/L (C/N ratio of 6 and 3, respectively, 30 g/L initial glucose).
In most fermentations, the cells were able to use the acetate they had previously excreted as the sole carbon source (Figure 3 ). However, this merely permitted cell survival and supported neither cell growth nor L-arginine production.
Looking more closely into the acetate production is interesting since acetate is the main by-product during L-arginine production [11] . Conditions that minimise its formation are desirable. Indeed acetate can be toxic for cells [40] and its production requires carbon that might otherwise be used for L-arginine production. Acetate formation cannot be completely avoided since L-arginine biosynthesis requires the split of N-acetylornithine into ornithine and acetate (Figure 1a ). However, this only accounts for 1 mole of acetate per mole of L-arginine and most of the acetate is produced from acetyl-CoA or pyruvate (Figure 1a ).
Regardless of the C/N ratio, around 4 g/L were produced with 30 g/L initial glucose and 2 to 3 g/L with 15 g/L initial glucose. However, the mechanism behind acetate formation cannot be the same at all C/N ratios. Indeed, half as much L-arginine is produced with a ratio of C/N equal to 12 compare to one of 6 ( Figure 2b ). Therefore, half as much of the total acetate comes from the split of N-acetylornithine ( Figure S3 ) and the production of acetate relative to that of L-arginine is twice as high ( Figure S3c) . Moreover, the acetate yields from glucose with a C/N ratio of 12 are about twice as high than those from a C/N ratio of 6 ( Figure S3d ).
Together, these results show that at a C/N ratio of 12 a majority of glucose is diverted toward acetate formation via acetyl-CoA and pyruvate. This could be because less α-ketoglutarate is needed for nitrogen assimilation, leading to a more active TCA cycle and thus more NADH production. Too much NADH results in an increase in pyruvate concentration and inhibition of the TCA cycle. Acetate formation represents an alternative for carbon utilization resulting in less NADH formation [41] .
A C/N ratio of 6 resulted in the lowest ratios of acetate to L-arginine (around 3 mol/mol), which confirms that this ratio provides a good balance between the carbon and the nitrogen metabolism.
For a C/N ratio of 3, with 15 g/L glucose, the acetate yield from glucose, the acetate to L-arginine ratio, and the acetate formed from the L-arginine pathway are sensibly similar to those with a C/N of 6 ( Figure S3b-d ). However, with 30 g/L, more acetate is formed from acetyl-CoA and/or pyruvate with a C/N ratio of 3 than with a C/N ratio of 6, although the acetate yields are similar or even slightly lower for a C/N of 3. Once again, this shows that a high ammonium concentration in that case has a negative impact on the fermentation. An initial C/N ratio of 6 was the most suitable for this fermentation, resulting in good growth and L-arginine production with reasonably low acetate formation. It should be noted that a lower initial glucose concentration leads to higher L-arginine yields from both glucose (0.17 ± 0.01 vs. 0.14 ± 0.01 mol/mol) and ammonium (0.17 ± 0.02 vs. 0.13 mol/mol) ( Figure S1 ).
Conclusions
Ammonia solution, ammonium sulphate, and ammonium phosphate dibasic were the most effective nitrogen sources for L-arginine production. Ammonium chloride was nearly as good but resulted in slightly lower productivities. The ammonium carbonate yielded a reasonable L-arginine concentration but at a significantly lower productivity. The other nitrogen sources tested gave either poor L-arginine production (ammonium nitrate) or no production (sodium nitrate, monosodium glutamate).
This study highlights the limitations of a batch process for the large scale microbial production of L-arginine. Indeed, with 15 g/L glucose, a C/N ratio of 3 resulted in the highest productivities; however, maintaining this ratio for a higher glucose concentration is not feasible as it implies an excessive ammonium source concentration, as observed here with 30 g/L glucose.
With a C/N ratio of 3 and 15 g/L glucose, only two thirds of the ammonium was consumed by the time glucose was exhausted. In a fed-batch or continuous process, a C/N of 3 in the inflowing medium would therefore most likely result in the accumulation of the nitrogen source to toxic levels. A C/N ratio of 12 is not recommended for these processes as it favors glucose conversion to acetate rather than to L-arginine.
A C/N ratio of 6, however, provided an excellent balance between the carbon and the nitrogen metabolism during batch fermentations. Both the glucose and the ammonium source were efficiently used for L-arginine production and simultaneously depleted. This suggests that this ratio would be well suited for either fed-batch or continuous fermentations.
In addition, it was shown that using a lower initial glucose concentration (15 g/L) resulted in higher L-arginine yields from glucose and ammonium and reduced acetate formation.
Under the optimal conditions (C/N ratio of 6, initial glucose of 15 g/L), about 2.29 g/L of L-arginine was formed at a productivity of 0.11 g/L/h; L-arginine yields were 0.17 mol/mol from both glucose and ammonium.
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